Biological control of plant pathogens utilises one micro-organism to eliminate or reduce the disease caused by another. Inundative biological control utilises naturally-occurring microbial antagonists (biological control agents) that are isolated and reapplied in large numbers to suppress disease. This strategy has been studied for over 40 years and a number of commercial products for fruit rot control have been developed. Recent advances in techniques for monitoring microbial population dynamics, such as denaturing gradient gel electrophoresis (DGGE), microarrays, fl uorescent in situ hybridisation (FISH) and the polymerase chain reaction (PCR), have made it easier to study an alternative strategy, restorative biological control. This aims to stimulate resident populations of biological control agents (BCAs) using benign interventions that do not harm microorganisms. The use of these techniques is reviewed, and their advantages and disadvantages are compared. The relevance of these techniques to the development of restorative biological control and future research to lead to improved disease management of fruit rots are discussed.
INTRODUCTION
Biological control of plant pathogens has been defi ned as "the use of one or more organisms (agents) to maintain another organism (pest) at a level at which it is no longer a problem". In 1995, two types of biological control were recognised. The fi rst is classical: "the release of a coevolved fungal pathogen into an exotic environment where the target pest is an alien or non-indigenous species". The second is inundative, defi ned as "the application of a mass-produced, typically necrotrophic fungus as a mycopesticide" (Hawkesworth et al. 1995) . Bacteria and yeasts have also been utilised as biological control agents (Baker & Cook 1974) . There have been several examples of commercialised BCA products for fruit disease as an outcome from research in inundative biological control. Botry-zen ® (Anon 2005) is an example of a fungus utilised to control botrytis in grapes. Bacterial BCAs such as Serenade™ (Bacillus subtilis) (Walton et al. 2002) are registered for control of grape botrytis and powdery mildew, and Blossom Bless ® (Pantoea agglomerans) (Vanneste et al. 2002) for control of fi re blight (Erwinia amylovora), a bacterial disease of pears and apples.
Inundative biological control of fruit disease and mechanisms for this control are briefl y discussed in this review as well as improvements that have lead to a new development in this fi eld, termed restorative biological control. The means for this change are evaluated, fi rstly by improvement of inundative control through addition of nutritional supplements and other additives, and secondly with the development of new tools for tracking changes in microbial populations. The aim of restorative biological control is to stimulate resident populations of biological control agents (BCAs) using benign interventions that do not harm micro-organisms. Future directions for this research approach are discussed.
The focus is on the study of fruit rots, and use of these methods in related areas of research as well as studies of the phylloplane is reviewed. Studies of the phylloplane (leaf surface) are relevant to fruit rots, and this term is used as a synonym for fructoplane (fruit surface) for clarity.
INUNDATIVE BIOLOGICAL CONTROL
Inundative biological control of plant disease has been investigated for more than 40 years (McSpadden-Gardener & Fravel 2002) . Various mechanisms for disease control by BCAs have been described, including production of antibiotics (Levy & Carmeli 1995) or lytic enzymes (Fogliano et al. 2002) , competition for nutrients (Kredics et al. 2004 ) and/or niche (Droby et al. 2002) , hyperparasitism (Huang 1992), hypovirulence (Milgroom & Cortesi 2004) , elicitation of natural defence mechanisms in the host, such as induced resistance (van Loon et al. 1998 ) and cross protection (Valkonen et al. 2002) . Another mode of action of some microbial agents is the modifi cation of the chemical environment resulting in allelopathic biocontrol (Rice 1994) . For example, the breakdown of organic matter in the soil releases antimicrobial compounds such as phenolics (Yedidia et al. 2003) or compounds that enhance the chelation of nutrients such as iron that are essential for pathogen development (Manwar et al. 2000) .
The population of the biological control agent applied inundatively is initially higher than is usually found in nature and commonly declines over time. If it reaches a level at which it no longer controls disease a further application is required. The rate of population decline is often related to environmental factors that cannot be controlled, and is thus unpredictable. In some products, improved survival of the BCAs in the fi eld has been achieved by formulating them with various compounds, including a patentable polymer (Townsend et al. 2004) . Despite their obvious limitations, BCAs are commercially available demonstrating the usefulness of this method of disease control.
ADDITION OF BENIGN SUPPLEMENTS
The addition of nutritional supplements in combination with BCAs has been reported to improve disease control. This improvement in control may be the result of improved growth of the BCA, stimulation of host defence mechanisms, inhibition of the pathogen by the supplement, or a combination of these and other factors. The fi rst experiment to improve biological control following the addition of nutrients was carried out by Bhatt & Vaughn (1962) who used fungal biocontrol agents against Botrytis cinerea in strawberry. There have been many reports since of similar successful experiments, including the use of Chaetomium globosum in a formulation containing cellulose to manage apple diseases (Davis et al. 1992) .
The potential of nutrient supplements to enhance the biocontrol effi cacy of yeasts and bacteria has also been studied. For example, addition of glycolchitosan to Candida saitoana enhanced control of grey and blue mould of apple caused by Botrytis cinerea and Penicillium expansum compared with C. saitoana or glycolchitosan applied alone (El-Ghaouth et al. 2000) . Nunes et al. (2001) found that addition of the chemicals ammonium molybdate and calcium chloride allowed Candida sake to be applied at lower concentrations to achieve control against blue mould on apples and pears. Further discussion of chemical enhancement of biocontrol is provided by Reglinski et al. (2005) . Guetsky et al. (2002) found that addition of amino acids, vitamins and other nutritional supplements gave improved suppression of B. cinerea by Pichia guilermondii on detached strawberry leafl ets. The biocontrol activity of the bacterium, Bacillus cereus, against early leafspot of peanut was improved by adding chitin with the biocontrol agent (Kokalis-Burelle et al. 1992 ).
NEW TOOLS FOR TRACKING CHANGES IN MICROBIAL
POPULATIONS Traditional methods, such as dilution plating, limit the number of samples that can be analysed and are recognised as being inadequate for microbial population studies (Brock et al. 1987 ). However, a number of tools have recently been developed that can be used for tracking changes in overall microbial populations or in populations of specifi c genera, species or pathovars. These more rapid and less labour-intensive methods should allow for the study of various treatments, including the effects of a greater number of benign interventions on disease organisms, under fi eld conditions. The techniques include numerous variants of the polymerase chain reaction (PCR), fl uorescent in situ hybridisation (FISH), hybridisation assays such as dot-blots and arrays, cell fl ow cytometry, and community fi ngerprinting techniques, such as amplifi ed ribosomal DNA restriction analysis (ARDRA) and denaturing gradient gel electrophoresis (DGGE). Each of these techniques has advantages and disadvantages when compared to standard dilution plating and microscopical technology (Table 1) . Due to the concise nature of this paper, the focus on discussion of these techniques will be on their use. For more extensive reviews of these techniques, references are provided in Table 1 . To date there are very few reports on the use of these techniques for studying microbial ecology on the phylloplane. Most studies are concerned with identifi cation and detection of plant pathogens, studying genetic variability or studying populations in liquid environments or soil. For instance, arrays have been used to identify and detect various pathogens from soil, irrigation water and plant tissue for tomato vascular wilt pathogens (Lievens et al. 2003) , and bacterial pathogens of potato from plant tissue (Fessehaie et al. 2003) . PCR of intertranscribed spacer (ITS) regions of ribosomal DNA followed by enzyme digest (ARDRA) was used by Jeng et al. (2001) to detect and differentiate the pathogenic bacterium, Erwinia amylovora, from common orchard epiphytes. Pruvost & Gagnevin (2002) summarise the use of a range of different DNA technologies to study populations of Xanthomonas species, but these tools are designed to study genetic variability rather than to quantify population fl uctuations. DGGE was used by Yang et al. (2001) to show that microbial populations of the phylloplane were more complex than previously realised by analysing genetic diversity. Green et al. (2004) showed that genetic diversity identifi ed by DGGE was a useful technique for demonstrating relatedness between different isolates of Colletotrichum. Several species of Fusarium infecting asparagus were discriminated by DGGE analysis (Yergeau et al. 2005) utilising their genetic variability. DGGE was also used to study organism diversity in wastewater (Kreuzinger et al. 2003 ) and in soil (Milling et al. 2004) . Array technology has been used to quantify microbial population fl uctuations within intestinal (Daly & Shirazi-Beechey 2003) and aquatic ecosystems (Steward et al. 2004 ). FISH and cell fl ow cytometry methods were used in tandem to identify population fl uctuations of viable bacteria in sewage sludge and food waste (Ivanov et al. 2004) .
Of relevance to the study of microbial populations of the phylloplane, is work by Mengoni et al. (2003) where ARDRA was used to monitor population fl uctuations of endophytic bacteria and phytoplasmas in elm trees. It was shown that trees affected by phytoplasmas had less extensive endophytic bacterial population fl uctuations compared with uninfected trees. DGGE was used by Sigler et al. (2005) to show that repeated application of a BCA to irrigation water resulted in transient displacement of a leaf surface bacterial community member.
RESTORATIVE BIOLOGICAL CONTROL
It is not surprising that addition of nutritional supplements in combination with BCAs enhances biological control, as leaf surfaces are typically a nutrient-limited environment. Bacteria in the phyllosphere are primarily carbon-limited and secondarily nitrogen-limited (Wilson & Lindow 1994 . The amendment of nutrient status of the phylloplane with selective carbon sources could be employed to increase the population size and effi cacy of a BCA in the phyllosphere, and thus control disease, if the primary mechanism of the BCA was population size dependent . More recently, Morris & Kinkel (2002) postulate that further information on the dynamics of the genetic and phenotypic diversity on the phylloplane will be critical to the development of enhanced disease management strategies. These studies are now possible because of the development of several new techniques (Table 1) . The combination of these factors has lead to a new disease management strategy termed restorative biological control.
This strategy can be defi ned as encouraging population growth of resident microfl ora to cause a reduction in disease incidence. It provides an alternative to repeated application of BCAs to the phylloplane by stimulating resident populations of BCAs using benign interventions. Currently there are no commercial products resulting from this concept, and very few publications on this subject.
THE FUTURE
Future research strategies for restorative biological control are required to adopt new technologies to the specifi c requirements of this research. In particular, DGGE, arrays, and FISH in combination with traditional techniques show the most potential for tracking microbial population changes on the phyllosphere. The challenge for both DGGE and arrays is to identify those organisms that are suitable indicators of change in microbial populations useful for disease management. An integral part of this research is to identify new BCAs. Another challenge for arrays is to develop methods for quantifying microbial populations on the phylloplane. Once these challenges have been overcome, restorative biological control research needs to focus on screening likely nutritional candidates for benign interventions. Two intermediate outcomes of this research will be increased knowledge of the interactions between micro-organisms on the phylloplane following benign interventions, and identifi cation of new BCAs. The ultimate goal is to manage disease by enhancing populations of resident benefi cial micro-organisms using benign supplements that do no harm.
